The (1f4) glycosidic linkage found in lactose is a prevalent structural motif in many carbohydrates and glycoconjugates. Using UV and IR ion-dip spectroscopies to probe benzyl lactoside isolated in the gas phase, we find that the disaccharide unit adopts only a single, rigid structure. Its fully resolved infrared ion-dip spectrum is in excellent agreement with that of the global minimum structure computed ab initio. This has glycosidic torsion angles of φH (H1-C1-O-C4′) ≈ 180°and ψH (C1-O-C4′-H4′) ≈ 0°which correspond to a rotation of ∼150°about the glycosidic bond compared to the accepted solution-phase conformation. We discuss the biological implications of this discovery and the generality of the strategies employed in making it.
Introduction
The biological activities of oligosaccharide chains bound in glycoproteins or glycolipids are intimately linked to their structures and conformations. 1,2 Many selective cell-cell interactions and molecular recognition processes involve glycoconjugates. Specificity is often already present even at the monosaccharide level, and specificity for disaccharides may be 1000-fold higher. Exploration and characterization of the hydrogen-bonded conformational landscapes of oligosaccharides is an essential first step in understanding the origins of their molecular specificity.
The component sugar ring units in oligosaccharide chains are generally taken to be rigid, but the same assumption cannot be made about the glycosidic links between them. Because the types of linkages and torsion angles about these links are primary determinants of the overall 3-D conformation of carbohydrates, their accurate characterization is critical. Unfortunately, the assignment of oligosaccharide structure and conformation is notoriously demanding due to the chemical similarity of component monosaccharides, which all contain multiple hydroxyl groups, capable of extensive intra-and intermolecular hydrogen bonding networks. In some circumstances, the glycosidic linkages may be "stiffened" by direct or solventmediated hydrogen-bonded interactions across them, thereby influencing both their shape and their structural and biological specificity. [3] [4] [5] In others, the glycosidic linkages may be highly flexible. This flexibility hinders crystallographic structural determinations; it also complicates or limits NMR (solutionphase) structural assignments based upon time-averaged measurements. 5 Computational studies of (gas-phase) oligosaccharide structure are handicapped by uncertainties in the parameters employed in molecular mechanics calculations, and ab initio calculations are restricted by molecular size and complexity constraints, 6-10 though, with the current rate of increase in computer power, these restrictions are diminishing rapidly. Calculations of oligosaccharide conformation in solution are constrained by the additional complexity introduced by interactions with the solvent. 4, 6, 11 When taken together, these limitations represent a very significant challenge to experiment and to reliable molecular modeling.
A new approach to meeting this challenge has been signaled recently by successful structural studies of two monosaccharides, phenyl--D-galactopyranoside 12 and phenyl--D-glucopyranoside, 13 as well as the size-selected hydrated clusters of the † Oxford University. ‡ glucopyranoside, 14 all isolated in the gas phase. In each case, a combination of vibrational spectroscopy and ab initio computation provided a clear, atomic-scale perspective of the conformational landscapes of the glycosides, both free and hydrated. The strategy was greatly facilitated by the extraordinary sensitivity of the O-H vibrational frequencies to subtle changes in the hydrogen-bonded environment, encouraging optimism about its application to the more challenging target of oligosaccharide structural determination. Lactose, a commonly found disaccharide, which joins galactose (Gal) and glucose (Glc) units through a (1f4) linkage, presents an obvious first choice target. In addition to its presence in lactose, this type of (1f4) linkage is a common structural element found in numerous carbohydrate structures including plant cell walls and insect and crustacean exoskeletons, and it is in the common core oligosaccharide in N-linked glycoproteins. The ubiquity of this linkage is an indication of its crucial biological importance.
NMR studies of lactose in solution indicate the dominance (>85%) of a single conformation in which the hydroxymethyl groups of the two rings adopt a trans orientation about the glycosidic linkage [with the glycosidic torsion angles,
. 9,15,16 X-ray diffraction and NMR studies of lactose loosely bound to proteins also indicate the adoption of a trans conformation. 17 In contrast, empirical force field and ab initio computational studies of free lactose and of its near relative cellobiose (Glc -(1f4)Glc) indicate at least three regions of torsional stability about the glycosidic linkage. 7,9,10,18,19 The mimic C-lactose, in which the oxygen bridge is replaced with a CH 2 group, appears to be much more flexible; it populates all three regions of torsional stability in solution, and its conformers are differentially selected by different (O-lactose binding) proteins. 20, 21 The results of our gas-phase investigation are presented in the following report, which describes a combined spectroscopic and ab initio computational determination of the structure of benzyl -lactoside (O-4-benzyl -D-Gal-(1f4)--D-Glc, Scheme 1). The addition of the benzyl ring to lactose provides a chromophore which can be ionized by resonant two-photon ionization (R2PI), allowing for mass spectrometric separation and detection, but which does not disturb the original lactose conformational preferences.
Methods
Calculations. An ensemble of starting structures for benzyl -lactoside was generated using the random search procedure implemented in Sybyl6.5. 22 In the search, all rotatable bonds (i.e., the seven OH groups, the hydroxymethyl groups, the glycosidic linkage, and the linkage to the benzyl moiety) were included as were different ring conformations. 10 000 tries/searches were performed, and 214 unique low-energy conformations were identified. Subsequent ab initio calculations were done using the Gaussian98 package Rev.A11. 23 The 214 conformers were submitted to full geometry optimization at the HF/ 3-21G level, and for each of the optimized conformers, a single-point calculation at the B3LYP/6-31+G* level was carried out. The resulting energies indicated the presence of 20 unique conformers within 25 kJ/ mol of the minimum energy conformer. These 20 structures were then reoptimized at the B3LYP/6-31+G(d) level, following which 12 conformers were within the 25 kJ/mol energy cutoff. Harmonic frequencies for each of the remaining 12 conformers were calculated at the B3LYP/6-31+G(d) level of theory. Single-point energies for each of these conformers were evaluated at the MP2/6-311++G(d,p) level. Tabulated values of E 0 include the MP2/6-311++G(d,p) energies and vibrational zero-point energy corrections from the B3LYP/6-31+G(d) frequencies. Thermochemistry calculations also include the MP2 electronic energies and thermal corrections from the B3LYP frequencies, which were done using the standard procedures implemented within the Gaussian program. For comparison with measured nearinfrared spectra, calculated O-H stretching modes were uniformly scaled by 0.9734, an empirical scaling factor which compensates for systematic errors arising from the level of theory used as well as anharmonic effects. This scaling factor provided an excellent match for the weakly perturbed O-H stretching frequencies measured for the component monosaccharides. 12, 13 R2PI and Near-IR Spectroscopy. The instrumentation described here was also used in previous studies of monosaccharide conformation. 12-14 The disaccharide derivative benzyl -lactoside (Sigma Chemical Co.) was placed in an oven attached to the expansion side of a pulsed nozzle (0.8 mm diameter, 10 Hz pulse rate, 4 bar argon backing pressure). The samples were heated to 505 K to generate a continuous stream of vapor, which was subsequently entrained and cooled in a pulsed expanding argon jet. The skimmed beam was intersected by infrared (IR) and/or ultraviolet (UV) laser beam(s) tuned to the desired wavelength(s) for excitation and ionization. Molecular ions were separated and detected using a time-of-flight mass spectrometer (Jordan); a digital oscilloscope (Tektronix TDS 320) interfaced to a PC, running in-house software, was used to collect the gated, massselected ion signal.
Mass-selected resonant two-photon ionization (MS-R2PI) spectra were recorded using tuneable UV laser radiation generated by frequency (13) doubling the output of an Nd:YAG-pumped pulsed dye laser [GCR-170/Laser Analytical Systems (LAS)] operated with Coumarin 153 dye (∼0.4-1 mJ pulse -1 ). The same laser was employed in the UV/UV hole-burn experiments to provide the initial (burn) laser pulse: the "probe" pulse, fired ∼200 ns after the scanned "burn" laser, was generated by a second, excimer-pumped pulsed dye laser (Lambda Physik FL3002), tuned to successive features of interest in the R2PI spectrum. Resonant IR ion-dip spectra were recorded using tuneable pulsed IR radiation (∼3000-4000 cm -1 , 0.4 cm -1 bandwidth, 4-5 mJ pulse -1 ), generated by difference frequency mixing the output of an Nd:YAG laser (Powerlite Precision 8000) and that of a pumped dye laser (ND6000, Continuum) in an LiNbO3 crystal: the UV probe pulse was provided by the LAS laser system, fired ∼150 ns after the IR pulse. In all experiments the timing of the pulsed free-jet expansion and laser pulses was controlled via a digital delay pulse generator (DG535 Stanford Research Systems, Inc.).
Mid-IR Spectroscopy. Benzyl -lactoside was embedded in a graphite matrix which was placed just below the orifice of a pulsed valve (R. M. Jordan, 0.5 mm diameter, 10 Hz pulse rate, 2 bar argon backing pressure). Benzyl -lactoside molecules were desorbed from the matrix by a pulsed Nd:YAG laser (Thales Diva II, 1064 nm, <1 mJ per pulse, 10 ns pulse duration) and subsequently entrained and cooled in the pulsed expanding argon jet. The skimmed beam was intersected by IR and UV laser beams tuned to the desired excitation wavelength. Molecular ions were separated and detected using a timeof-flight mass spectrometer (Jordan); a digital oscilloscope (LeCroy 9430) interfaced to a PC, running in-house software, was used to collect the gated, mass-selected ion signal.
The source of mid-IR radiation was the free-electron laser for infrared experiments (FELIX). 24, 25 The FELIX output consisted of a few microseconds long burst (macropulse) of micropulses. The micropulse spacing within the burst was set to 1 ns, while the macropulses were repeated at 5 Hz. The micropulse duration was set to about 100 optical cycles, which resulted in a bandwidth of approximately 1% (fwhm) of the central frequency. The wavelength range that can be covered by FELIX extends from 40 to 2000 cm -1 , although, in this experiment, only the region between 300 cm -1 and 1500 cm -1 was used. In a macropulse, typically, energies of up to 100 mJ could be reached.
The UV probe pulse was provided by frequency doubling the output of an Nd:YAG-pumped pulsed dye laser [Spectra Physics GCR-100/ PDL3] operated with Coumarin 153 dye (∼0.4-1 mJ per pulse). The timing of the pulsed free-jet expansion and UV laser pulses was controlled via a digital delay pulse generator (SRS, DGS 535) that was synchronized to the FELIX master clock. The FELIX macropulse frequency of 5 Hz (i.e., half the repetition rate of the UV laser) allowed for recording alternating IR on and IR off signals to provide a good normalization of the ion-dip signal. The ion-dip spectrum was then converted into an absorption spectrum following the method outlined previously. 26
Results and Discussion
The near ultraviolet spectrum of the lactoside is remarkably simple (Figure 1 ): the ultraviolet "hole-burning" of the intense band at 38 000 cm -1 leads to a "dip" in the intensity of the main features in the R2PI spectrum (accounting for at least ∼80% of the total measured signal), establishing their association with a single, unique conformation. This conclusion is confirmed by the result of a similar near-infrared "ion-dip" experiment, also shown in Figure 1 ; the principal ultraviolet features are each associated with identical infrared spectra.
Despite the potentially large range of conformations that might have been expected a priori in the vapor (different rotamers of the hydroxyl and hydroxymethyl groups 12,13,27 in conjunction with the three sets of glycosidic linkage torsion angles), only one is significantly populated. This could be due to its selective population in the vaporized sample or to the relaxation of an initial population distribution into a single conformation (the global minimum?) as the lactoside is cooled to low temperatures during the free-jet expansion. In similar experiments the component monosaccharides Gal and Glc populate more than one conformer each (two and three, respectively) associated with distinct orientations of the hydroxymethyl group, 12,13 so the first explanation is perhaps the more likely. Regardless, this conformation may have profound implications as an "energetic starting point" structure for lactose. The lack of extensive vibronic progressions suggests that the disaccharide conformation presents a more rigid structure than its isolated component monosaccharides.
So, what is its preferred conformation? To answer this question, we turn to the near-infrared vibrational spectrum of jet-cooled benzyl -lactoside (which displays all seven of its separately resolved O-H stretch modes) and compare it with the results of a series of ab initio calculations (Figure 2 ). The figure shows the conformations and associated (uniformly scaled) harmonic O-H stretching frequencies of the four lowest lying structures computed using density functional theory (DFT) together with (0 K) relative energies from MP2 calculations.
Inspection of Figure 2 reveals a remarkably close and unique match between the pattern of vibrational bands recorded experimentally and that associated with the calculated global minimum energy conformation. None of the other four lowlying (shown) or eight other higher-energy conformations (Supporting Information: Figure S1 and Tables S1-S3) present so similar a spectral pattern, and there is no agreement at all with the pattern that would be presented by the lowest-lying trans conformer ( Figure 2D ), which has a structure similar to the accepted solution-phase conformation of lactose and is calculated to lie at an energy ca. 9 kJ mol -1 above the global minimum.
The global minimum conformation, which is associated with a cis orientation of the two hydroxymethyl groups, corresponds 
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to the dihedral angles of φ H ≈ 179°, ψ H ≈ -1°( Figure 2B ). This structure is similar to one of the observed conformations of the mimic C-lactose, 20 and it parallels the density functional theory predictions for the analogous -(1f4) linked disaccharide, cellobiose (Glc (1f4)Glc). 3, 8 Calculations using the semiempirical AMBER force field with a low dielectric constant also favor a cis orientation. 9 On the other hand, calculations using another popular semiempirical force field, MM3, predict a trans conformation about the glycosidic linkage to be the global minimum for methyl -lactoside. 28 Moreover, the gasphase results presented here contrast with the trans glycosidic conformation adopted by (room temperature) methyl lactoside in solution, 9 in its crystalline methanol solvate 29 and loosely bound in proteins. 17 Interestingly, the only tightly-binding enzyme for which the enzyme-lactose complex structure has been solved shows lactose in a trans configuration, 30 while the C-lactose analogue bound to the same enzyme shows a cis configuration. 20, 31 The experimental observations are reinforced when the strategy is extended much further into the infrared, by using radiation in the "fingerprint" region between 300 and 1700 cm -1 , supplied by the free-electron laser "FELIX", recently used to study the structure of structural conformers of gas-phase tryptophan. 25 Figure 3 shows the resonant infrared spectrum of laser desorbed, jet-cooled benzyl -lactoside recorded in the mid-infrared, together with the calculated (unscaled) harmonic infrared spectra associated with each of the four lowest-lying computed conformations. About 40 separated lines can be identified, with line widths mainly determined by the FELIX spectral profile; therefore, to facilitate the comparison of the calculations to the recorded spectrum in the mid-IR region, the figure includes a convolution of the calculated spectra with the spectral profile of FELIX. The lines seem to fall into two groups, one at low wavenumbers between 350 and 800 cm -1 (intense modes associated with twisting motions of the hydroxyl groups coupled through the hydrogen-bond chains) and one at higher wavenumbers between 900 and 1300 cm -1 (associated principally with C-C and C-O-C stretching modes). Bands in the 900-1300 cm -1 region match the predicted (harmonic) fre- . Experimental (A) infrared spectrum of benzyl -lactoside recorded in the mid-infrared ("fingerprint" region), using a free-electron laser (FELIX), and computed (B-E) infrared spectra. Computed spectra are unscaled but include a convolution of the stick spectrum with the spectral profile of FELIX. Dotted and dashed lines indicate the correspondence between the experimental bands and those computed for the most stable conformer in the lower energy portion of the spectrum. In this region, the intense bands are predominantly coupled C-O torsions and are more poorly described by the calculations than the more localized modes at higher energy.
quencies quite well, but the C-O torsions appear at a slightly lower wavenumber (∼50 cm -1 ) than calculated.
Comparison of the experimental mid-IR spectrum with the computed spectra again favors the assignment to the global minimum structure. The region between 900 cm -1 and 1300 cm -1 matches all the computed spectra except C quite well, although arguably the match to the global minimum, B, is the best. The measured spectrum between 350 and 800 cm -1 does not correspond very well to any of the calculated spectra, though, of these, B provides the closest match, especially in the 550-800 cm -1 portion of this region. The poorer appearance of the mid-IR match compared to the near-IR is an indication that the frequencies and intensities of the lower energy modes, particularly the twisting motions of the hydroxyl groups coupled through hydrogen-bond chains, are clearly not as well reproduced by the harmonic calculations used here. The spectrum is much richer in the mid-IR than in the near-IR and thus intrinsically contains more information, but its full assignment is complicated by the spectral congestion and difficulties inherent in calculating the vibrational frequencies and intensities of these lower energy modes.
The experimental (and computed) spectra reveal a remarkable sensitivity of the O-H modes to their hydrogen-bonded environment: (for reference, the "free", nonbonded O-H stretch of isolated methanol lies around 3680 cm -1 , while in the methanol dimer the hydrogen-bonded O-H stretch is shifted to a lower wavenumber by ∼110 cm -1 ). 32 In the three lowestlying conformers of benzyl -lactoside, the correspondence between the relative energies of the computed structures and the spectral shifts of the most strongly hydrogen bonded modes is striking. Less stable structures have less strongly shifted frequencies, and both correlate with the decreased stabilization from weaker hydrogen bonding. In the global minimum configuration ( Figure 2B ), the three O-H bands shifted most strongly to low wavenumbers are all associated with strong hydrogen-bonding across the glycosidic (1f4) linkage, which connects the two rings through the interaction between their hydroxymethyl groups, Gal OH6fGlc OH6′, and through the Glc OH3′fGal OH2 bond. The vibrational mode associated with the first of these is split into a symmetric and an antisymmetric pair by the cooperative hydrogen-bonded chain Gal OH4fGal OH6fGlc OH6′. The quartet of bands lying in the higher wavenumber range is associated with the four remaining hydroxyl groups, Gal OH3, Gal OH4, Glc OH2′, and Glc OH6′. All are members of the hydrogen-bonded chain, OH2′fOH3′fOH2fOH3fOH4fOH6fOH6′, which circles around the lactose unit. Since the chain terminates at OH6′, the mode Glc OH6′ is the least displaced from a "free" O-H stretching frequency.
The near-infrared spectrum and global minimum structure of benzyl -lactoside are compared with those of the two component monosaccharides phenyl -Gal and phenyl -Glc in Figure 4 . This series of spectra further highlights the sensitivity of an O-H vibrational band structure to the molecular environment: the slightly greater shift toward lower wavenumber in the weakly bonded quartet of the lactoside compared to the monosaccharides results from the enhanced cooperativity associated with the extended hydrogen-bonded chain circling around the two rings. The change in the chirality at C4 in Gal compared to Glc facilitates an enhanced hydrogen bond linking OH4fOH3 and a correspondingly enhanced spectral shift in the Gal OH4 mode.
The particularly favorable hydrogen-bonding across the glycosidic linkage in the global minimum conformation of the lactoside, facilitated by the rotation of the two hydroxymethyl groups, creates a remarkably rigid structure. The reversal in the orientation of the circling belt of OH groups, which switch from a counterclockwise configuration in the monosaccharides to a clockwise configuration (as oriented in the figures) in the lactoside, also helps stabilize the lactoside (compare Figure 2 , frames B and C).
Conclusions
The rigid, cis oriented structure of the benzyl -lactoside isolated in a cold (∼10 K) gas-phase environment differs from the commonly accepted structures of (room temperature) lactose and methyl lactoside in solution and bound in proteins, where the hydroxymethyl groups adopt a trans configuration about the glycosidic linkage. The difference is not due to the presence of the benzyl group. Calculated structures of methyl -lactoside show virtually no change in either the relative energies or conformation (of the disaccharide portion of the molecule) compared with benzyl -lactoside; the global minimum of methyl -lactoside is also a cis oriented structure. Substitution of a hydroxyl group for the benzyl in the Glc 1 position (to create lactose) would most likely simply lengthen the encircling hydrogen-bond chain through formation of a Glc OH1′fGlc OH2′ bond. However, both the low temperature and the isolation may well affect the lactoside structure. The cis configuration found at low temperature in the isolated lactoside allows the formation of strong inter-ring hydrogen bonds on two sides of the glycosidic linkage to create a rigid disaccharide structure. Because of this, the enthalpic benefit of the strong hydrogen bonds is somewhat offset by the loss in flexibility. There is an entropic cost, and it is the trans configuration that is favored entropically. 19 Gibbs free energy calculations (room temperature; harmonic frequencies) indeed significantly stabilize the trans conformer over the cis and predict the trans to be the most stable conformer at room temperature by ∼2 kJ mol -1 (Supporting Information: Table S1 ). However, the low-temperature favored cis conformer should still be present, at about half the abundance of the trans conformer given this energy difference. Specific complexing of the disaccharide with water molecules may also alter the preferred conformation about the glycosidic linkage. 4 We plan further gas-phase studies of this lactoside to investigate explicit hydration effects. The identification of an unusual and very strongly "enthalpically favored" cis conformation, encourages speculation as to its biological implications. The type of (1f4) glycosidic linkage found in the lactoside examined here (in which the O2-C2-C1-O1 dihedral angle is ∼ -60°) is by far the most prevalent structural disaccharide motif in all of the critical carbohydrate structures found in nature. Key examples include the GlcNAc (1f4)GlcNAc chitobiose core of N-linked glycoprotein glycan structures and chitin and the Glc (1f4)Glc cellobiose repeating unit found in cellulose which, as a vital plant cell wall component, is the most prevalent carbon-based chemical building block on the planet. Given the striking conformational bias and consequential rigidity observed here, it may well be that nature has selected this (1f4) glycosidic motif to be a primary source of substructure in certain circumstances, providing highly specific receptor docking interactions for small ligands (such as the Gal (1f4)Glc lactose unit), cell wall rigidification (e.g., through the Glc (1f4)Glc linkage in cellulose), and the creation of a spacer unit to create distance from protein surfaces (e.g., in the first two carbohydrate units, GlcNAc (1f4)GlcNAc, bound to proteins in N-linked glycans). Subtle alteration of the groups, but not the core configuration (e.g., changing OH2 to NHAcetyl to create GlcNAc), allows further fine-tuning of this conformational rigidity.
Finally, we note that a strong interaction of the lactose disaccharide with a biological receptor could have the effect of mitigating the entropic effects that lead to formation of trans orientations in the "free" lactose. In essence, during ligandreceptor docking, the receptor would pay the entropic cost incurred by the ligand in its undocked room temperature state. The isolated gas-phase structure could then represent a snapshot of the true ligand structure in biological interactions, glimpsed in a "naked" state. Examination of the few, available structures in which (1f4) disaccharide ligand units are tightly bound to protein structures 33 supports this suggestion. Cis structures are observed for a lactose mimic (C-linked Gal (1f4)Glc) 20, 30, 34 and inferred for a cellobiose (Glc (1f4)Glc) unit 35 when bound in enzyme active sites. These tight-binding proteins would provide sufficient binding energy to pay the entropic cost described above.
In conclusion, the great sensitivity of the O-H modes in the disaccharide to their hydrogen-bonded environment, which has the effect of dispersing its associated infrared spectrum over a wide spectral range, has facilitated its full resolution and enabled a full and unambiguous structural assignment to be accomplished. When isolated in the gas phase, benzyl -lactoside presents only a single, rigid conformational structure, supported by strong inter-ring hydrogen bonds. Its infrared ion-dip spectrum is in excellent agreement with that of the global minimum structure computed ab initio; the glycosidic torsion angles, φ H (H1-C1-O-C4′) ≈ 180°and ψ H (C1-O-C4′-H4′) ≈ 0°, correspond to a rotation of ∼150°about the glycosidic bond compared to the accepted solution-phase conformation. Infrared ion-dip spectroscopy provides a general and valuable structural procedure which will be applicable to a broad range of oligosaccharides in the future and may also be extended to include the structural investigation of their hydrated complexes.
